Inflammatory bowel disease (IBD) is a chronic disorder caused by multiple factors in a genetically susceptible host. Significant advances in the study of genetic susceptibility have highlighted the importance of the innate immune system in this disease. We previously completed a genome-wide linkage study and found a significant locus (IBD6) on chromosome 19p. We were interested in identifying the causal variant in IBD6. We performed a two-stage association mapping study. In stage 1, 1530 single-nucleotide polymorphisms (SNPs) were selected from the HapMap database and genotyped in 761 patients with IBD. Among the SNPs that passed the threshold for replication, 26 were successfully genotyped in 754 additional patients (stage 2). One intronic variant, rs273506, located in the microtubule-associated serine/threonine-protein kinase gene-3 (MAST3), was found to be associated in both stages (pooled P ¼ 1.8 Â 10
Introduction
Inflammatory bowel disease (IBD) is a term describing two complex diseases: Crohn's disease (CD) and ulcerative colitis (UC). Both CD and UC are common chronic autoimmune diseases of the gastrointestinal tract but they differ in terms of localization and extent of inflammation. IBD primarily affects people living in industrialized countries. A recent epidemiological survey of IBD in the United States reports prevalence rates of 201 per 100 000 and 238 per 100 000 for CD and UC, respectively. 1 The precise causes are still unknown but different environmental factors, ranging from geographic location to lifestyle, hygiene and gut flora, have been proposed. 2 In addition, familial clustering and twin studies have clearly shown that inherited factors contribute to disease predisposition. The first gene discovered to be unequivocally associated with CD was CARD15. 3, 4 Shortly after, the IBD5 locus was also associated. 5 In the last year, more than 10 new loci have been associated with susceptibility to or protection from IBD. [6] [7] [8] [9] [10] [11] [12] However, the contribution of each of these loci is predicted to be small and thus, all the genes discovered to date do not entirely explain the genetic risk for IBD.
To elucidate the genetic basis for CD and UC, we previously performed a genome-wide linkage study that identified a significant linkage region (logarithm of the odds (LOD) score 4.6) on chromosome 19p, subsequently designated as the IBD6 locus. 13 Stratifying the families based on phenotype (that is, CD vs UC vs combined IBD) and age of diagnosis (early vs late) found evidence of linkage in all subgroups, strongly suggesting that the 19p locus is a general risk factor for IBD. Supporting evidence for this locus was also found in two independent genome-wide linkage studies.
14, 15 The IBD6 locus extends 28.5 Mb and contains 638 known genes, many of which are involved in immunity and inflammation such as ICAM1, ICAM3 and IL12RB1. 16 Our previous attempts, using candidate gene approaches, 17, 18 to identify the causal gene within this locus resulted in the identification of the variant A1011S in MYO9B as a risk factor for UC. However, this A1011S variant could only account for a relative risk to siblings (l s ) of 1.02, and unlike the original findings, was subphenotype-specific, and therefore could not explain entirely the observed linkage signal.
To further refine the region containing the major IBD risk factor within the IBD6 locus, we used a systematic high-density association mapping approach to analyze the variation in this region. To optimize the statistical power, our experiment was designed in two stages. Specifically, in the first stage, we typed 1530 singlenucleotide polymorphisms (SNPs) selected to tag the common variants in the 28.5 Mb region identified in CEU HapMap data set. Approximately 1800 samples (trios and cases/controls) were genotyped in this screening stage. In the second stage, we replicated the mostassociated SNPs from the initial screen in B2000 independent samples (trios and cases/controls). These two stages led to the identification of a single significantly replicated variant: rs273506 (combined P ¼ 1.8 Â 10 À4 ). This variant is located in the intronic region of the microtubule-associated serine/threonineprotein kinase gene-3 (MAST3, NM_015016). We subsequently typed the known coding variants within MAST3 and identified one missense, S861G, and three synonymous mutations that are significantly associated in IBD (Po5 Â 10
À3
). Combining these association results with the linkage disequilibrium (LD) and correlation patterns in this region indicate that the association signal is limited to a B60 kb region immediately surrounding the MAST3 gene, suggesting a role for MAST3 in IBD susceptibility.
Results

Two-stage association study identifies rs273506
Our goal was to identify the gene(s) responsible for the IBD6 linkage peak discovered in previous studies. As candidate gene studies failed to do so, we embarked upon a comprehensive unbiased two-stage association mapping study to search for the specific gene that is responsible for the IBD risk factor in this region. In the first stage, a modest nominal P-value of 0.02 was used as threshold for significance to optimize the chance of identifying the association signal. In the second stage, the SNPs that passed this threshold were genotyped in an independent cohort to separate the true and false positives.
To tag the common variation in IBD6, we first selected 1530 SNPs that we genotyped in 761 IBD patients and parental or matched controls (see Table 1 ). A systematic quality control (QC) analysis of the data was performed resulting in a final data set of 371 trios and 271 independent cases/203 matched controls. A total of 1238 SNPs with an average genotyping call rate of 98.5% passed the QC thresholds (see Supplementary Table 1) . Primary testing was done using the IBD phenotype (CD and UC) because our previous linkage study indicated that the IBD6 locus contains a general IBD risk factor. 13 In a secondary analysis, we tested association with the CD phenotype as this subgroup was sufficiently large (see Table 1 ). We found 26 SNPs associated with IBD and 33 with CD, for a total 37 non-redundant SNPs significantly identified through association testing (see Table 2 and  Supplementary Table 3) .
We then performed a replication study using 401 trios as well as 353 independent cases and 344 controls (see Table 1 ). We successfully typed 26 of the top SNPs (see Table 2 and Supplementary Table 2) . A single marker, rs273506, had significant association values in both the IBD screening (stage 1) (P ¼ 0.005) and the replication (stage 2) (P ¼ 0.02) cohorts. To better evaluate the significance and strength of the signal, we merged the screen and replication cohorts (total number of post-QC samples: 682 trios, 582 independent cases and 505 controls) and obtained a combined P-value of 1.8 Â 10
À4
and an odds ratio (OR) of 1.23 (95% confidence interval (CI): 1.10, 1.38). The SNP rs273506 is a G/A variant in which the A allele has a frequency of 47% (in the stage 1 cohort) and is associated with the IBD phenotype. The rs273506 SNP is located in the second intron of the MAST3 gene (Figure 1 ).
MAST3 gene as IBD susceptibility gene
Given that the association identified in the screen and replicated in an independent cohort was located within MAST3, we were interested in testing the known coding variants within this gene. Specifically, we identified all five MAST3 coding variants found within the CEU HapMap data set: four synonymous and one nonsynonymous. Four of these SNPs are on the same haplotype (r 2 ¼ 1) and are correlated to the associated SNP rs273506 (r 2 40.7) in the HapMap data set. One SNP, rs541225, is not correlated to rs273506 or to the other MAST3 coding SNP (r 2 o0.1) and thus was not typed. The four remaining MAST3 coding SNPs were genotyped in our cohorts (total number of post-QC samples: 610 trios, 1105 independent cases and 713 controls) and the correlation is consistent with the HapMap data. Of the SNPs genotyped, there are three synonymous variants, rs740691 (H174H), rs2270623 (I536I) and rs2072490 (G1045G) and one non-synonymous, rs8108738 (S861G). All coding SNPs are significantly associated (Po0.005; see Table 3 ). Being on the same haplotype, the IBD risk conferred by each of these coding Although this association mapping identified coding variants in MAST3 that are associated with IBD, it is formally possible that they are simply in LD with causal variation outside the MAST3 region. Therefore, we examined the LD and correlation patterns in this region (Figures 1 and 2) . MAST3 falls within a region of tight LD containing no other gene (LD block no. 4 on Figure 1 ). The significant association results of our screening stage are all located in a 60 kb region surrounding rs273506 and implicate MAST3 and not the surrounding genes ( Figure 1, upper panel) .
Furthermore, the region defined by all the HapMap SNPs correlated to rs273506 by an r 2 of 0.5 or greater contains MAST3 and the PIK3R2 gene (see the correlation neighborhood depicted in Figure 2) . However, the region representing the SNPs correlated by an r 2 of 0.7 or higher is restricted to the MAST3 gene, and thus favors the MAST3 gene over the PIK3R2 gene, which encodes a regulatory subunit of the phosphatidylinositol 3-kinase. In our screening phase, we typed SNPs tagging the variation in the PIK3R2 region, and these perfectly tagged (r 2 ¼ 1) two of the three PIK3R2 SNPs present in the HapMap database, including the only known nonsynonymous coding SNP (rs1011320), and none were significant. Taken together, these results indicate that a variant in the MAST3 gene is responsible for the association signal detected from SNP rs273506 and that the S861G variant is the most likely candidate.
IL12RB1, located 10 kb upstream of MAST3, encodes one of the subunit of the receptor for interleukin (IL)-12 and IL23. IL23R has been associated with ileal CD 6 and is a subunit of the receptor of a major cytokine involved in the differentiation of T-helper cells into T H 17 cells. 19 We were particularly interested in examining the relationship of IL12RB1 with the associated variants in MAST3.
In the screening stage of the present study, we typed two SNPs located in IL12RB1 but none of them had significant association results. Altogether, the two typed SNPs correlate to 76% of the HapMap intronic and exonic SNPs with an r 2 40.7 (average r 2 ¼ 0.975), suggesting absence of association between IL12RB1 and IBD. Furthermore, our associated SNP, rs273506, is very weakly correlated to SNPs in this gene. In fact, the highest r 2 does not reach 0.4 ( Figure 2 ). All these findings and the MAST3 association results point to MAST3 as the susceptibility gene.
MAST3 belongs to the MAST kinase family. The MAST3 gene is 53.9 kb long and is encoded by 27 exons.
MAST3 encodes an open reading frame of 1309 amino acids. Alignments of the MAST3 human amino-acid sequence with the mouse ortholog sequence demonstrate 91% identity. 20 The MAST3 protein is a four a-helix bundle composed of different domains including a protein kinase domain and a PDZ domain (a common structural domain of signaling proteins designated by an acronym from the first letter of the three proteins: PSD95, DlgA and zo-1) that mediates binding to PTEN ( Figure 3) . 21 Four other members of this family are known: MAST1, MAST2, MAST4 and a mast-like protein, MASTL.
22-24 MAST1, -2, -3 and -4 have similar structure and share the PDZ and kinase domains, whereas MASTL is a shorter protein lacking the PDZ domain. The four other members of the MAST family have amino-acid sequence identity to MAST3 ranging from 45% for MASTL to 73% for MAST2. However, specific domains have higher identity. The MAST3 protein kinase domain has 89, 89 and 90% identity with the corresponding MAST1, MAST2 and MAST4 protein kinase domains, respectively. The MAST3 PDZ domain identity 73, 78 and 76% with MAST1, MAST2 and MAST4 is 73, 78 and 76%, respectively. The associated synonymous SNP I536I is located within the kinase domain. The non-synonymous SNP S861G is not located within any UniProt predicted domains, but might be located in a yet unknown domain or interfere with protein folding (Figure 3 ).
MAST3 regulates TLR4-mediated NF-kB pathway specifically
We next determined the expression of MAST3 in a panel of epithelial and immune cell lines by quantitative realtime PCR (qPCR). As shown in Figure 4a , MAST3 is Cohort in which the SNP is most associated in screen, replication, and combined values correspond to cohorts of the same phenotype.
c P-value of the Z-score.
The most associated SNP in the combined cohort is in bold.
Association study identifies MAST3 in IBD C Labbé et al abundantly expressed in human embryonic kidney 293 cells (HEK293) and monocyte-like THP-1 cells. To further investigate the role of MAST3 in immunity, its expression was assessed in different human immune cells via qPCR.
Here, it was found that MAST3 is constitutively expressed in CD4 þ and CD8 þ T cells and CD19 þ B cells (Figure 4b ). Specifically, CD4 þ cells were found to have 35-fold higher amounts of MAST3 than placental control, and CD8 þ cells were found to have 65-fold higher amounts. We observed the same patterns of expression in primary murine immune cells (see Supplementary Figure 1 ). Previous knockdown studies have shown that MAST2 is involved in the Toll-like receptor-4 (TLR4)-mediated In an attempt to identify the causal variant, we genotyped coding SNPs in MAST3 and found that one missense and three synonymous SNPs were also significantly associated (as indicated by X symbols in the upper panel). In the lower panel, it can be seen that these associated SNPs are all found in a region of strong LD (depicted as D 0 ) and that the association does not extend beyond this region (as depicted by haplotype block 4 delimited by rs273504 and rs3736328). LD, linkage disequilibrium; SNP, single-nucleotide polymorphism.
Association study identifies MAST3 in IBD C Labbé et al NF-kB pathway. 25, 26 The expression of MAST3 in HEK293 cells and availability of TLR reporter cells permitted us to examine if MAST3 also contributed to innate immune signaling pathways. To examine the potential role of MAST3, stable TLR4 and TLR5 HEK293 cell lines were used to assess NF-kB activity after alteration of MAST3 expression. The knockdown of MAST3 did not affect TLR5-mediated NF-kB activity upon stimulation with flagellin, but decreased the TLR4 NF-kB activation significantly following stimulation with lipopolysaccharides (LPS) ( Figure 5 ). These results indicate that MAST3 regulates the NF-kB activity specifically through the TLR4 pathway. Recent studies have highlighted that impairment of the regulation of host-organism interactions may contribute to the development of CD and UC. Here we provide genetic and 
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C Labbé et al functional evidence that MAST3 is a genetic susceptibility factor that may contribute to the pathogenesis of IBD.
Discussion
The IBD6 locus on chromosome 19p was identified via genome-wide linkage as a susceptibility locus common to the different forms of IBD. In this study, we aimed to identify specific risk factors responsible for the linkage signal in this region. As discussed in a recent metaanalysis on CD, 27 the high linkage in regions such as 5q and 6p are the result of the combined effect of several genes. The identification of one modest impact gene in this specific study combined with the previous identification of MYO9B led us to believe that the 19p region also contains several susceptibility genes for IBD such as MAST3.
We report here the results of our two-stage association mapping study performed on a combined cohort of more than 1500 IBD cases and their respective parental or matched controls. A single SNP, rs273506, located in the second intron of the MAST3 gene, was found to be associated in the screening and replication IBD cohorts with a combined P-value of 1.8 Â 10
À4
. Through LD and correlation patterns, we confirmed that the association signal was coming from MAST3 and not from one of the flanking genes such as IL12RB1, a gene involved in the same immune pathway as IL23R, which as been associated with IBD. 6 Further analysis of the genetic variation in MAST3 identified four associated coding SNPs including one 
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Consistent with the fact that they are on the same haplotype, all MAST3 coding SNPs typed have the same OR. The SNP S861G, being non-synonymous, seems the most likely of the variants tested in MAST3 to have a functional consequence, although regulatory SNPs in noncoding region have been shown to influence gene expression. 28 Thus, we cannot formally exclude the possibility that another variant than S861G is the actual causal variant.
Sequence-identity analyses as well as functional assays have shown that MAST3 is a kinase. 21 Kinases are implicated in numerous cell processes, several of which are important in the regulation of immune responses. The MAST family is a relatively unknown branch of the kinases. The expression of the MAST family members is diverse; MAST2 and MAST4 are almost ubiquitous whereas MAST1 is most expressed in the brain and MASTL, in B lymphocytes. 29 Here we show that MAST3 is mostly expressed in antigen-presenting cells and lymphocytes. The MAST proteins contain a serine/ threonine kinase domain and a PDZ protein interaction domain, not found in MASTL, which modulates interaction with different substrates. Not much is known about the protein interactions of MAST3, but PTEN, a regulator of cell growth and apoptosis, has been shown be a substrate. 21 Valiente et al. showed via transfection and co-immunoprecipitation that MAST3 binds PTEN through its PDZ domain and by doing so increases PTEN stability, which in turn facilitates its phosphorylation by MAST3 and other kinases.
Although little is known about MAST3 function, studies of the other family members can provide some insight. For example, the MAST2 protein has been shown to be involved in pathways important for inflammation as it regulates IL12 p40 synthesis and NF-kB activation. 25, 26 NF-kB is a transcription factor known to activate the expression of many genes, including cytokines and cytokine subunits such as IL12 p40, involved in the development of immune cells and the activation of inflammatory processes. IL12 p40 is a subunit of IL12, a cytokine involved in the differentiation of Th 1 cells and the production of other inflammatory cytokines such as INFg and tumor necrosis factor-a. IL12 p40 is also a subunit of IL23, a cytokine involved in the proliferation of Th 17 cells, which in turn activates myeloid cells and NK cells to produce inflammatory cytokines, including IL6, tumor necrosis factor-a and IL17, which drive intestinal inflammation. 30 A genome-wide association study on IBD identified a strong association with the IL23R gene, 6 highlighting the role of the IL23 axis in immune diseases. Given the high sequence identity within functional domains of the MAST family members and the role of MAST2 in inflammation, MAST3 is likely to be involved in similar pathways. Previous studies have reported that MAST2 is expressed in epithelial cells and antigen-presenting cells. 25 Consequently, we examined the expression of MAST3 in a panel of cell lines and found the highest expression of MAST3 in HEK293 cells and THP-1 monocytes. Further expression analysis revealed that MAST3 is also expressed in primary murine and human immune cells (CD4 þ and CD8 þ T cells, CD19 þ B cells). We next tested the influence of MAST3 on the specific activation of NF-kB via TLR4 and TLR5 signaling and found that MAST3 is involved in the regulation of NF-kB activation via TLR4 but not TLR5 signaling pathways. Members of the Toll family of transmembrane receptors (TLRs) recognize diverse structures associated with pathogenic organisms and can trigger an immune response. Deregulation of the immune response to commensal microbial gut flora is one of the potential causes of IBD. TLR4 responds to LPS, a major component of Gram-negative bacteria cell wall. The interaction of LPS with TLR4 results in the recruitment of adaptor protein MyD88 and phosphorylation of IRAK and TRAF6, which leads to the phosphorylation of IKKs and the release of NF-kB from its inhibitor, IkB. 31 A variant of TLR4, 299G, was recently found to be associated with IBD and CD. 32 Decreases in airway responsiveness to inhaled LPS, NF-kB activation and IL1 expression are among the biological consequences of this variant. 33 The MAST2 protein has been shown to play a role in the NF-kB pathway through the binding and stabilization of TRAF6. 25 We hypothesize that the MAST3 kinase is similarly involved in the stabilization and/or phosphorylation of one of the components of the TLR4 cascade downstream of LPS binding to TLR4 receptor and upstream of NF-kB activation and thus regulating NF-kB activity. It is likely that MAST3 functions at a crossroad, defining the nature of the mucosal immune system's encounters with luminal bacteria. Additional functional analyses will be needed to identify MAST3 targets in this cascade. Elucidation of MAST3's role in regulating protein interactions in intestinal inflammation will help to define the complex molecular events that contribute to IBD. Our findings add to the growing list of genes (for example, CARD15, MST1, and so on) that indicate a pivotal role for modulators of NF-kB activity, and more broadly genes of the innate immune response to microflora (for example, ATG16L1, IRGM and so on), in IBD pathogenesis.
Materials and methods
DNA samples
Samples used here have been the subject of multiple other studies. 6, 11, 13, 18 The screening cohort consists of 1863 samples (see Table 1 ) collected in Canada and Italy. The Canadian samples were collected by the Quebec IBD Genetics Consortium and at the Mount Sinai Hospital IBD Center (University of Toronto). Italian samples come from a population enrolled at San Giovanni Rotondo 'CSS' Hospital. The replication cohort consists of 1900 samples from the NIDDK IBD Genetics Consortium (IBDGC). The additional MAST3 SNPs were genotyped in the replication cohort, part of the screen cohort (Italian and Quebec samples) and on additional Italian samples (total samples before QC: 3894). IBDGC cohorts were ascertained through Baltimore, Chicago, Los Angeles, Montreal, Pittsburgh and Toronto Genetics Research Centers. In all populations considered, the diagnosis of IBD and classification as CD, UC or indeterminate colitis (part of the IBD cohort but not studied independently as a subphenotype) were confirmed by established criteria of clinical, radiological and endoscopic analysis, and from histology reports. A review of the patient's chart, as well as an interview with the patient, was done to complete the phenotypic data. Written informed consent was obtained from all participants and ethics approval was granted in each of the participating institutions.
SNP selection
To select an appropriate set of SNPs to capture the common variation within the IBD6 region, SNP genotype information was downloaded from HapMap data phase I CEU (release 16a from 1 March 2005). To maximize the power, only SNPs with minor allele frequency greater than 10% were included in the study. A total of 1530 tag SNPs were selected using Tagger (ver.0.9.5) to be correlated with non-genotyped SNPs with a minimal r 2 of 0.7 (aggressive tagging). In addition, three IBD5 SNPs (rs1007602, rs11739135, rs17622208), two CARD15 (rs2066844, rs2066845) (used as positive controls) and one chromosome X (rs2106416 used as a gender control) were also selected for inclusion in the genotyping. Three positive control SNPs were successfully genotyped and all were significantly associated (see Supplementary  Table 1 ). In line with other IBD association studies, the CARD15 SNP, rs2066844, was the most-associated SNP in our CD cohort.
Genotyping methods
For the screening stage, samples were genotyped on the Illumina BeadLab system (GoldenGate assay) at The Broad Institute Center for Genotyping and Analysis using a method previously described. 34 The genotyping for the replication stage and MAST3 coding SNPs was performed using primer extension chemistry and mass spectrometric analysis (iPlexGold assay, Sequenom) in the Laboratory of Genetics and Genomic Medicine of Inflammation in Montreal (www.inflammgen.org).
Quality control
Quality control was performed on both screening and replication data (Supplementary Tables 1 and 2 ). Looking at the data distribution, we selected parameter thresholds that would optimize the quality of the data while keeping as many SNPs and samples as possible. During the QC of the screening data, SNPs with less than 75% of genotype calls were removed first to prevent weak assays from influencing the other QC parameters. At this point, one monomorphic SNP was also removed. We removed samples and SNPs with less than 90 and 80% of genotype calls, respectively. Finally, we evaluated the relationship between all samples using the identity by state tests implemented in Plink (version v0.99q) and removed individuals who did not correspond to their pedigree data suggesting sample mix up or contamination. These analyses resulted in a final high-quality data set, used for subsequent association analysis, consisting of 1238 SNPs, 371 trios, 271 cases and 203 controls. Average call rate per individual and per SNP is 98.5%.
For the replication stage, we eliminated the SNPs with less than 85% of genotype calls and samples with less than 90% genotype calls. Then, we removed all the samples that were common with the screening samples to obtain a true independent replication data set consisting of 311 trios, 311 cases and 302 controls and genotyping results for 26 SNPs. Average call rates per individual and per SNP for this data set are 98.9 and 99.0%, respectively.
Association testing
Association in trios was assessed by the transmission disequilibrium test 35 and in cases/controls by a standard w 2 test carried out on a 2 Â 2 contingency table. To combine data from trios and cases/controls, the number of risk alleles transmitted in trios or found in cases was reformatted as a mean or expected count (ET and EC), observed count (OT and OC) and variance (varT and varC). A combined Z-score was then calculated by summa-
. 17 For the association result of the screening stage, the nominal two-tailed P-values were derived as the P-value corresponding to the standard normal cumulative distribution of a Z-score. Nominal associations (Po0.02) in the IBD and CD cohorts were pursued in a replication phase to ensure the elimination of false positives. For the replication results, a one-tailed test was used. The association scores of the additional coding and intronic SNPs of MAST3 are the results of a two-tailed test. , 100 mM b-mercaptoethanol and 50 mg ml À1 gentamicin for suspension cell lines).
Cell cultures
MAST3 expression in human cells
RNA from cell lines was extracted using RNeasy columns (Qiagen, Valencia, CA, USA), according to the manufacturer's directions. A total of 0.5 mg mRNA was used to prepare first-strand cDNA using Bio-Rad's iScript enzyme (Hercules, CA, USA). Real-time reversetranscriptase PCR was performed using the IQ SYBR Green Supermix (Bio-Rad) according to the recommended protocol, with the following primers:
0 -GGAGCCAAACGGGTCATCATCTC-3 0 and GAPDH reverse: 5 0 -GAGGGGCCATCCACAGTCTTCT-3 0 . Amplicons were visualized on a 2% agarose gel to confirm correct band sizes. Samples were run in duplicate. All data were normalized to MAST3 expression in SW480 cells and to GAPDH expression. To determine MAST3 expression in human immune cells, a commercially available cDNA panel (Human Blood Fractions) was obtained from Clontech (Mountain View, CA, USA). Quantitative PCR for MAST3 was performed as above. All data were normalized to MAST3 expression in the placenta control and to GAPDH expression.
MAST3 expression in mouse immune cells
Purified immune cell populations were isolated from the spleens of 6-week-old C57BL/6 mice using magnetic beads (Miltentyi, Aubrun, CA, USA) (one liver for each cell type) according to the manufacturer's instructions; RNA from lung was also prepared as a reference control. Purity of the isolated cells was confirmed by FACS analysis (see Supplementary data) and RNA was extracted as described above. Murine-specific MAST3 primers are as follows: MAST3Mm Forward: 5 0 -AGGCTGCATCTATCAGAGCG-3 0 , MAST3Mm Reverse: 5 0 -AGGCTCCTCATCGAAGCTCA-3 0 . Amplicons were visualized on a 2% agarose gel to confirm correct band sizes. Samples were run in duplicate. All data were normalized to cDNA from mouse lung and GAPDH expression.
Transfection and reporter assays Three separate small interfering RNAs (siRNAs) specific for MAST3, along with corresponding negative controls, were obtained from Invitrogen (Carlsbad, CA, USA). One day before transfection, 4 Â 10 5 HEK293 cells in 1 ml of DMEM medium were plated per well in 12-well plates. The cells were transiently transfected with 1 ml of 20 nM siRNA against MAST3 or corresponding siRNA controls using transfectin according to the manufacturer's instructions. Three days later, the cells were rinsed in ice-cold phosphate-buffered saline (PBS) and harvested for reverse-transcriptase qPCR as described above. All data were normalized to cDNA from cells transfected with control siRNA oligos and GAPDH expression. Of the three MAST3-specific siRNAs, one was chosen for further experiments (siMAST3 no. 3).
TLR4 and TLR5 HEK293 stable cell lines were kindly provided by Dr Douglas Golenbock (University of Massachusetts Medical School, MA). One day before transfection, 4 Â 10 5 cells in 1 ml of DMEM medium were plated per well in 12-well plates. The cells were transiently transfected with 1 ml of 20 nM siRNA against MAST3 as selected previously (forward sequence: GCUGAGGAUGAUACCAGCUACUUUG, or medium GC-negative control siRNA) with 25 ng of NF-kB-luc and 0.1 ng of renilla-luc by using transfectin according to the manufacturer's instructions. Three days later, cells were rinsed in PBS and harvested for qPCR and reporter assays. Stimulation was done using 100 ng ml À1 LPS or 0.1 ng ml À1 flagellin for another 6 h. Reporter luciferase activity was measured by a standard protocol as supplied by the manufacturer (Dual Luciferase Reporter Assay System; Promega, Madison, WI, USA) from three biological samples (that is, three individual cell pellets). qPCR was performed to assess MAST3 expression as described above. Samples were run in duplicate. All data were normalized to cDNA from cells transfected with control siRNA oligos and to GAPDH expression.
